The results of a characterisation study of water samples collected from an Advanced Water Recycling Plant (AWRP) operating in Perth, Western Australia are presented.
Introduction
In recent years, Western Australia has experienced a significant reduction in rainwater precipitation levels which has corresponded to a reduction in water available from dams and groundwater for drinking water production. 1 Use of treated wastewater as a drinking water source is becoming increasingly attractive, both in Australia and worldwide, and demonstrating that specific treatment technologies produce safe drinking water is of high importance, particularly focussing on chemical removal using reverse osmosis (RO) followed by ultraviolet irradiation (UV) for disinfection. Research into the safety of recycled water has focussed on monitoring and characterising residual concentrations of inorganic and organic micropollutants in the finished water. [2] [3] [4] Chemicals in wastewaters that potentially pose health concern include heavy metals, organic compounds with suspected carcinogenic
properties (e.g. N-nitrosamines and halogenated disinfection by-products), pharmaceuticals and personal care products (e.g. endocrine disrupting compounds, cytostatics and antibiotics), pesticides and their degradation products, and other unregulated trace organic compounds (i.e. plasticisers, surfactants, musk fragrances, artificial sweeteners) derived from both domestic and industrial activities. 4, 5 Therefore residual dissolved organic carbon (DOC) present in ROtreated wastewater may consist of anthropogenic organic compounds, in addition to residual organic matter originally present in drinking water and wastewater, or chemicals used during RO treatment or leached from RO membranes. 6, 7 Very few attempts to characterise this residual DOC have been reported to date, 8, 9 although a recent assessment of 375 chemicals in recycled water suggested that only ~2-5% of DOC in the RO treated water could be attributed to regularly detected (>25% detection) anthropogenic chemicals. 10 In this work we present the results of a characterisation study of recycled water collected from an Advanced Water
Recycling Plant (AWRP) located in Perth (WA) after both RO and UV treatment over four days. The water samples were extracted using mixed bed solid-phase extraction cartridges and then characterised by liquid chromatography-high resolution mass spectrometry.
While almost 400 chemicals were screened previously in RO treated wastewater from a Perth wastewater treatment plant, 5 particular emphasis in this work was given to polar chemicals amendable by LC-MS. The target screening in this study assessed the occurrence of 291 chemicals including pharmaceuticals (88 compounds), pharmaceutical-metabolites (27 compounds), illicit drugs and metabolites (14 compounds), pesticides (79 compounds), pesticide-metabolites (51 compounds), biocides and metabolites (11 compounds) , artificial sweeteners (6 compounds), personal care products (3 compounds), corrosion inhibitor and metabolites (5 compounds), industrial chemicals (5 compounds) and miscellaneous (2 compounds). Chemicals were selected based on 1) prior knowledge of their occurrence in wastewater inflow and outflow; 2) existing studies of recycled water and surface waters from previous surveys and literature. 4, 5, 10, 11 A snapshot of the chemicals and their transformation products and metabolites assessed in the target screening analysis is given in Figure 1 and the full list of the chemicals is reported in Table S1 available in the Supporting Information. Eighty five percent (248 of 291) of the target compounds were analysed in the Perth AWRP for the first time in this study. The contribution of detected chemicals to the residual dissolved organic carbon (DOC) measured in UV treated water was also assessed. For a screening health risk assessment, risk quotients (RQ) were calculated by comparing median and maximum concentrations of chemicals measured in UV treated water with the corresponding health values.
Experimental

Sampling
Samples were collected on four days (16/01/12 to 19/01/12), from an AWRP in Perth, Western Australia. Details of the AWRP have been previously published, [11] [12] [13] but briefly, the AWRP receives secondary wastewater (WW) from Beenyup WWTP and produces high purity recycled water that is then injected into a deep drinking water aquifer. Beenyup WWTP receives predominantly urban residential wastewater, and the raw WW is screened to remove large material, before grit removal and primary sedimentation. The primary treated WW then undergoes conventional activated sludge treatment with biological nutrient removal before clarification. Most secondary WW from Beenyup WWTP is discharged into the Indian Ocean, while a small portion (7 ML/d) is fed into the AWRP. Treatment at the AWRP consists of chloramination to minimise biofouling on membranes, ultrafiltration, reverse osmosis, and UV disinfection. A caustic dosing between the UV reactors is also present to adjust the pH to neutral conditions before the product water is degassed, stored and reinjected into the groundwater. After UF/RO/UV treatment, about 4.5 ML/d are reinjected into the groundwater aquifer, while the RO reject (about 2.5 ML/d) is sent back to the head of the WWTP. A schematic of the treatment train at Beenyup WWTP-AWRP including sampling points is shown in Figure 2 .
Grab samples were collected directly after RO and UV treatment (i.e. after caustic dosing, see Figure 2 ) in 2 L amber glass bottles, previously annealed at 550 °C overnight to ensure thermal degradation of and residual organic material. Bottles were also rinsed with the sample prior to sample collection. Sample were chilled with ice packs during transport to the CWQRC laboratory, and then stored at 4 ºC until extraction. Prior to processing though solid-phase extraction (SPE), all samples were re-equilibrated to room temperature and then filtered through 0. conditioning and elution of the cartridges. For conditioning, 5 mL of methanol and 10 mL of ultrapure water were dispensed at 2 mL/min. After conditioning, samples were loaded onto the SPE cartridges using two 8-channel off-line peristaltic pumps (Gilson) at a flow rate of 5 mL/min. Prior to elution, cartridges were completely dried using a vacuum manifold. The elution of the analytes from the SPE stationary phase was achieved by applying a basic solution (8 mL of ethylacetate/methanol containing 0.5% ammonia hydroxide (v/v)), followed by an acidic solution (4 mL of ethylacetate/methanol containing 1.7% formic acid (v/v)) dispensed at 2 mL/min. The eluates were concentrated to about 100 µL using a dry block heater (30°C) fitted with nitrogen blowdown (Ratek 30D, Australia), before being rediluted to 1 mL using ultra pure water. Finally, the extracts were filtered directly into a 2 mL brown glass vial using a syringe fitted with a 0.45 µm regenerated cellulose membrane filter (Infochroma AG, Switzerland). Samples extracts chilled with ice packs were shipped using an international express delivery service to EAWAG laboratories in Dübendorf (Switzerland) for analysis.
Chromatographic separation
For the reversed phase chromatographic separation, an aliquot of the extract (20 µL) was injected onto a XBridge C18 column (Waters USA, 2.1 x 50 mm, 3.5 µm particle diameter) using a guard column (2.1 x 10 mm) of the same stationary phase. The eluent consisted of nanopure water (eluent A) and methanol (eluent B), both containing 0.1% (v/v) formic acid. The LC gradient used for the separation was as follows: 0 -4 min, eluent B was increased from 10 -50%; 4 -17 min, eluent B was increased from 50 -95%, then continued at 95% for 8 minutes. Prior to the next injection, the column was re-equilibrated with 90% eluent A and 10 % eluent B for 5 min. The eluent flow rate was 0.2 mL/min at a temperature of 30 °C.
2.4 Detection and quantification using high resolution mass spectrometry (HRMS)
Analytes were detected using a high resolution mass spectrometer (Q Exactive;
Thermo Fisher Scientific Corporation, USA). Ionisation of analytes was achieved using electrospray ionisation (ESI) operated in both positive (+eV) and negative (-eV) modes. The ESI and HRMS settings are reported in Table S2 , available in the Supporting Information. A screening analysis was conducted where the selected target analytes were recorded using Q Exactive mass spectrometer full-scan spectra from 100-1000 m/z with a mass resolution (R) of 140,000 (@ 200 m/z) in positive and negative ionisation mode. For confirmation, all target analytes were fragmented in the HCD collision cell (high energy collision dissociation) using a data-dependent MS2 fragmentation approach. The top 5 MS2 spectra were measured in the Orbitrap mass analyser with a resolution of 17,500, normalized collision energies ranged from 20-100%.
Data processing and quantification
A target screening was conducted on the Q Exactive raw data files using the software package enviMass 1.2 15 . Peak lists for each sample were generated from raw data files using the freely available peak picking software Formulator (rev3, Thermo Fisher Scientific All detected substances were confirmed using the data-dependend MS2 spectra which were compared against single substance injection MS2 spectra acquired in house with varying collision energies. Galaxolidone, is a metabolite of galaxolide, a polycyclic musk widely used as a fragrance in personal care and consumer products including cosmetics, cleaning agents, detergents, air fresheners and perfumes. 21 Galaxolidone results from the degradation of the parent compound galaxolide during biological activated sludge. 22, 23 Given their high log K ow (5.9 and 5.3 respectively), both galaxolide and galaxolidone can concentrate in blood, fat 24 and breast milk. 25 Synthetic musks can affect androgen and progesterone receptors and also stimulate estrogenic receptors in humans. 26 Polycyclic musks have been reported in water bodies and biota previously. 27 The median concentration of galaxolidone in RO treated water was 29 ng/L. However, galaxalidone was also detected in the CWQRC laboratory blanks at Furthermore, while all phosphate chemicals were below detection in samples collected post-RO treatment (LOD = 100 ng/L), they were all detected in the RO reject water. 11 Further research is needed to better understand the occurrence of triethyl phosphate in wastewater and assess the rejection of this class of chemicals during UF/RO treatment. However, given the small molecular weight, the high pKa and the low log K ow (see Table S5 ) a poor rejection is expected for this compound. 7 Out of 79 pesticides, 51 pesticides metabolites, 9 biocides and 2 biocides metabolites targeted, only 2 pesticides (metolachlor and prosulfocarb) and 1 biocide (propiconazole) were detected at very low concentrations in RO treated water.
Results and Discussion
Compounds detected in RO treated water
Interestingly, the pesticide metolachlor was also detected in our previous work, 10 at similar concentrations, possibly indicating breakthrough during RO treatment.
However, in this study metolachlor was detected in 100% of the samples tested (4 RO treated samples and 4 UV treated samples, see Table 1 ) compared to only 3% of the samples (1 sample out of 33 analysed) tested previously. 10 The high frequency in the detection observed for metolachlor in this work may be due to the much lower LOD (1 ng/L) achieved in this study compared to the LOD (60 ng/L) achieved in the previous study. Propiconazole, the biocide detected in this work, was not detected previously, 10 again possibly because the LOD (5 ng/L) achieved in this study was much lower than the LOD (100 ng/L achieved in the previous study. Prosulfocarb was not analysed previously and therefore a comparison is not possible. All three pesticides have MW that is greater than the MWCO of the RO membranes and also possess log K ow > 2. In this scenario, good removal is expected, although membrane breakthrough could be caused by partitioning/diffusion within the membrane. 7 Only 3 pharmaceuticals of the 88 pharmaceuticals and 27 pharmaceutical metabolites (27 compounds) tested were detected in RO treated water. Lamotrigine is an anticonvulsant drug used in the treatment of epilepsy and bipolar disorder. 31 It is also used off-label as an adjunct in treating depression. Tramadol is used similarly to codeine and it is a synthetic analgesic used to treat moderate to moderatelysevere pain. The drug has a wide range of applications, including treatment of rheumatoid arthritis, restless legs syndrome and fibromyalgia. 32 Metformin, is commonly found in water bodies due to its high volume usage. 35 Moreover, given its relatively low molecular weight and high solubility (see Table S5 ), RO rejection is expected to be relatively poor. All 3 pharmaceuticals have been previously tested in Beenyup WWTP and Beenyup AWRP but were not detected in RO treated water possibly due to higher LOD.
11
The 3 artificial sweeteners detected in RO treated water were acesulfame, sucralose and saccharin. While the presence of artificial sweeteners, a common constituent of low calorie food and beverages, in the aquatic environment has been reported in previous studies overseas, [36] [37] [38] [39] [40] [41] [42] [43] little has been reported regarding their presence within Australian waters. 11 Recent studies have shown that artificial sweeteners are quite stable and persistent in the environment, and are excreted predominantly unchanged as waste from the body. 36, 39, 40 Sucralose in particular, is resistant towards biodegradation, and as a result is persistent in WWTP. 36, 37, 43 To the best of our knowledge, little has been reported regarding the behavior of artificial sweeteners during RO treatment. Acesulfame (MW = 162 Da) and saccharin (MW = 183 Da) both have molecular weights close to the MWCO of the RO membrane.
Moreover both have high water solubility, 42, 44, 45 meaning they are unlikely to adsorb on membranes and therefore poor rejection is expected 7 (see Table S5 ).
Furthermore, the presence of µg/L concentrations in secondary WW feed to Beenyup AWRP may also play an important role in the detection of these sweeteners post RO treatment, as high concentrations in secondary WW have been linked to detection in RO treated water, even when RO rejection is high. 10 Artificial sweeteners represent an ideal marker for wastewater contamination and the study of their behavior during RO treatment could significantly aid wastewater recycling and future management of groundwater replenishment.
Compounds detected in UV treated water
At Beenyup AWRP, the last treatment barrier is UV for pathogen inactivation. This barrier employs ITT Wedeco units (low pressure lamps, UV-C at 254nm, 4 UV units in series, dose of up to 50mJ/cm 2 for each unit). Analysis of samples post-UV treatment showed that the concentration of some UV degradable compounds was reduced. Table 1 presents the concentration of chemicals detected in UV treated water as well the observed average removal after the UV treatment, calculated using the percentage difference in concentration between RO treated water and UV treated water for matched samples.
For both benzotriazole and 4+5-Methyl-1H-benzotriazole the UV treatment led to average removal of about 50% of the initial concentrations. This is in agreement with previous research showing benzotriazoles are prone to degradation by UV light (direct photolysis); benzotriazole and its derivatives are known UV absorbers, 46,47 so degradation and reactivity of this class of chemicals was expected to be significant.
For galaxolidone, a moderate but highly variable removal was achieved (average UV removal = 37±48%). A significant and consistent reduction of the concentration of the artificial sweeteners acesulfame (average UV removal: 95±2%) was also observed.
The kinetic and the mechanism of degradation of this compound has previously been described in full, 48 confirming the effectiveness of UV treatment to reduce the concentration of this compound in receiving waters. For triethyl phosphate the median UV removal was 50%. For the remaining compounds detected in RO treated water, it was not always clear whether UV treatment reduced concentrations in the final product water as most concentrations were low and near the LOQ of the compound or in some case, the concentration detected post UV was higher than the concentration detected post RO. anthropogenic chemicals, with 108 chemicals detected on at least one occasion, and 30 chemicals detected in more than 25% of all samples. 5, 10 However, assessment of the contribution of these detected chemicals to the DOC measured in RO treated water was only able to attribute 2.5 to 5% of the DOC to anthropogenic chemicals. 
Screening Health Risk Assessment
A screening health risk assessment was conducted using the concept of the risk quotient (RQ), which is calculated as the ratio between the reported concentration of each chemical and the appropriate health values. 5, 10 Median and maximum concentrations of chemicals detected in post UV treated water were used to generate median and maximum RQs ( Health value (μg/L) = (LDTD (mg/day) × P × 10
where P = proportion of LDTD estimated to come from drinking water (100%); For all chemicals both RQ med and RQ max were between 2 and 6 orders of magnitude below 1 implying a high degree of safety associated with human consumption of recycled water.
Conclusions
The target screening conducted in RO and UV treated water samples from Beenyup AWRP has shown the presence of small (MW<200 Da), hydrophilic species such as corrosion inhibitors (i.e. benzotriazole and 4+5-Methyl-1H-benzotriazole), pharmaceuticals (i.e. metformin), artificial sweeteners (i.e. acesulfame and saccharin) and industrial chemicals (i.e. triethyl phosphate). These chemicals were consistently found in all samples and could potentially be used as treatment performance indicators in future studies. Very low concentrations (ng/L) of pesticides (metolachlor, propiconazole and prosulfocarb), along with other pharmaceuticals (lamotrigine and tramadol) were also detected. The break-through during RO treatment of some of these relatively large (MW >250 Da) and hydrophobic (log Kow > 2) chemicals could be due to diffusion/partitioning within the membrane. The UV treatment installed at Beenyup AWRP helped to reduced UV degradable compounds such as the corrosion inhibitors (>50% removal), the flame retardant triethyl phosphate (~50% removal) and the artificial sweetener acesulfame (~95% removal).
Overall, the contribution of the detected anthropogenic chemicals to the DOC measured in post UV treated water was found to be minimal (1.0 -2.3% screen for a wide range of contaminants and transformation products, based on biological effect, rather than monitoring specific chemicals, and may provide an efficient high-throughput tool broad screen assessment of water quality or hazard identification, and risk characterisation.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found at in the online version. In addition to the surrogate standards indicated in the table, the following surrogates were also used: N,N-diethyl-3-methylbenzamide-d7; octilinone-d17; propazine-d6; 2',2'-difluoro-2-deoxyuridine- 
